Introduction
A Computer Assisted Language Learning (CALL) program should help second language learners to distinguish correct and incorrect pronunciations, as they often fail to do this without assistance. This applies to Italian learners of German who may not be able to recognise the correct lexical stress of German morphologically complex words without some form of feedback. The morphologically complex words we refer to in this work are affixed words stressed on the first syllable and compounds stressed on the first component. The challenge for CALL research consists in developing forms of feedback which raise awareness of the pronunciation characteristics, so that these can be noticed and learned by the users of a CALL software. This kind of feedback should be integrated in a comprehensive CALL program which also provides a description of the prosodic rules of the target language.
In both Italian and German, lexical stress is phonologically distinctive. In German, words are most frequently stressed on the first syllable (Mengel, 2000) , while in Italian the most frequent case is stress on the penultimate syllable (Delmonte, 1981) . In Italian, stress on the antepenultimate syllable is also possible, and there are several minimal pairs which contrast stress on the penultimate and on the antepenultimate syllable (e.g. "compito "task" vs. com"pito "polite"). A transfer of their default stress pattern to German words could explain lexical stress mistakes of beginner learners who have not been exposed to a German speaking environment. However, if this kind of mistake persists in advanced learners of German who have been living in Germany for several years, then they must evidently still have difficulty in identifying the appropriate lexical stress pattern. In fact, misunderstandings for L2-learners can arise if in the two languages acoustic features are exploited by stress differently (Wang, 2008) . Since learners create an interlanguage using elements of their native language (Gass, Selinker, 1994) , they might also transfer the acoustic cues for stress identification from their native language to the second language. In Italian, the most prominent acoustic and perceptual correlate of stress is duration (Bertinetto, 1980 (Bertinetto, , 1981 , and duration seems very important also for the perception of sentence accent (D'Imperio, 2000) . Besides, Italian has, in contrast to German, no distinctive quantity opposition between vowels. In German morphologically complex words with stress on the first component, the second component can keep long duration because quantity patterns of the components do not change in compounds (Kohler, 1995, p.188) . For this reason Italians may perceive the second component as being stressed, especially if it contains a long vowel. In a study by Bissiri et al. (2008) , Italians participated in a short-term memory sequence repetition task based on a method introduced by Dupoux et al. (2001) . They performed significantly worse on a stress contrast than on a phoneme or a stress plus quantity contrast. It seems (Hartmut R. Pfitzinger) .
that Italians categorise German morphologically complex words as having the same stress pattern regardless of the position of stress.
The different realization of intonation patterns in Italian and in German may also contribute to confusions of stress position. Delmonte, Bortolato (2003) report differences in the intonation contours of German sentences produced by Italians compared to German natives. Italian learners did not produce upstep boundary tones (H-ˆH%) in German compounds in yes/no-questions as German natives did, and made lexical stress errors. According to Ladd (1996) , a different peak alignment in the two languages could cause misunderstandings. Since Italian is characterised by an early F0-peak alignment and German by a late peak alignment, L1-German speakers' productions of late peaks when they speak Italian, may be interpreted as an incorrect assignment of lexical stress to the following syllable by L1-Italian listeners (Ladd, 1996; Mennen, 2007) . For the same reason, Italian learners of German might also interpret an antepenultimate stress as a penultimate stress in German.
However, lexical stress of German morphologically complex words is for Italians rather easy to pronounce, provided that they perceive it. The challenge consists in finding an appropriate form of feedback for CALL programs in order to help Italian learners to recognise the correct stress pattern. Simply highlighting the stressed syllable in the orthography would not be a suitable method since Italians would then probably shorten the full syllable in the second component even if it is phonologically long. For instance they might pronounce the German prefix verb "abfahren with a short instead of a long /a/ in the penultimate syllable, i.e. /"apfar@n/ instead of /"apfa:r@n/. L2-prosody is often taught by means of a graphical display of intonation. First proposed by Vardanian (1964) and then by Lane, Buiten (1969) , who also provided a graphical display of duration and intensity, this method was effectively implemented in the 1970's and 1980's (James, 1976; De Bot, 1983; Cranen et al., 1984) . Since then, intonation displays are frequently implemented in CALL programs (Chun, 1989 (Chun, , 1998 Anderson-Hsieh, 1992 , 1994 Delmonte et al., 1997; Delmonte, 2000; Kommissarchik, Kommissarchik, 2000; Hardison, 2004 ). An overview on feedback in Computer Assisted Pronunciation Training is given by Neri et al. (2002) . Although they can be very useful for intonation, graphical displays might be less adequate for teaching lexical stress. Since the perception of stress usually depends on a combination of several acoustic properties, and since their weighting can differ between the native and the target language, the graphical representation of intonation, duration, and intensity might be confusing and not informative for learners. For lexical stress, auditory feedback would be more appropriate.
An effective form of feedback for phonological mistakes are recasts (Lyster, 1998) , which consist in "the teacher's correct restatement of a learner's incorrectly formed utterance" (Nicholas et al., 2001, p.720) . Input -the language to which learners are exposed (Gass, 1997 ) -, whether produced by a CALL program or by a human teacher, should be made comprehensible so that those pronunciation characteristics that are supposed to be learned are made salient (Gass, 1997; Chapelle, 1998) . Recasts in a native speaker's voice might not be sufficient for the learners to notice the difference in word stress since the large number of differences between the native speaker's and the learners' speechsuch as register, voice quality, and segmental differences -may be confounded with those cues for recognising the correct stress pattern. A method to make input comprehensible is to present the learners recasts in their own voice after correcting the prosodic parameters in their speech. Thus, by reducing the phonetic variability, it should be easier for them to compare the correct with the wrong pronunciation (Tillmann, Pfitzinger, 2004) . Probst et al. (2002) showed that learners of English trained with the FLUENCY pronunciation training system (Eskenazi, Hansma, 1998; Eskenazi et al., 2000) by imitating the voice of a reference speaker similar to their own improved more than learners who imitated a dissimilar voice.
The effectiveness of resynthesised utterances in the learners' own voice was first shown by Nagano, Ozawa (1990) . The system WinPitch LTL also provides resynthesised stimuli as feedback to the learners (Germain-Rutherford, Martin, 2000; Martin, 2004; WinPitch, 2005) . WinPitch is an authoring tool for teachers which allows them to manipulate students' speech. Its advantages are that the teachers can manually insert commentaries and suggestions for the students and that they can check the resynthesised stimuli before they are given to the students as feedback. However the program requires phonetic expertise which many language teachers might not have. Furthermore, the program does not present the students with feedback immediately after their wrong pronunciation. However, immediate feedback is more effective since it allows the learners to compare directly their incorrect with the correct pronunciation (Nicholas et al., 2001 ). Hirose et al. (2003) and Hirose (2004) developed a program to teach Japanese lexical accents to non-native speakers. The program automatically recognises whether an accent was pronounced correctly or incorrectly by the learner. In the latter case, the learner's speech was corrected by means of resynthesis with TD-PSOLA so that the program was able to offer as feedback the correct utterance in the learner's voice.
The aim of our study was to test the following hypotheses:
(1) Concerning the perceptual evaluation of prosody correction by resynthesis (a) Resynthesis of intonation and local speech rate of German morphologically complex words wrongly stressed by Italian speakers significantly improves the judgement of stress correctness by German native speakers. (b) Resynthesis of intonation is more effective in correcting lexical stress than resynthesis of local speech rate. (c) There is an interaction between resynthesis of the two prosodic pa-rameters.
(2) Concerning the effectiveness of different training methods (a) Resynthesised stimuli in the learners' own voice -after correction of intonation, local speech rate, and intensity -are a more effective feedback than natural stimuli in a native speaker's voice for teaching Italian learners lexical stress of German morphologically complex words. (b) Stimuli in which the stressed syllable received extra emphasis are a more effective feedback than normally stressed stimuli. (c) Resynthesised stimuli with emphasis are more effective than without emphasis, and they are also more effective than natural stimuli with emphasis.
In the next section we examine lexical stress errors in a German speech corpus read by Italians. We then describe the design of our resynthesis method for prosodic manipulation. After that three experiments are presented. The first experiment investigates the influence of the modification and resynthesis quality of intonation and local speech rate contours on lexical stress correctness by means of a perception test. The second experiment is concerned with lexical stress training of German morphologically complex words for Italian speakers and the third experiment is a perceptual evaluation of learners' performances after feedback with resynthesis or emphasis. The final section summarises the results of this series of investigations.
Lexical stress errors in German utterances spoken by Italians
We recorded the German standard text "Die Buttergeschichte" (Appendix A). The speakers were six students of German linguistics at the University of Sassari in Italy and six Italian native speakers living in Munich. The students from Sassari were between 20 and 25 years old, and had learnt German for between one and seven years. The speakers living in Munich were between 24 and 42 years old, and had lived in Munich between two months and twelve years. The speaker who had lived in Munich for only two months had, however, studied German previously for two years. All were female native speakers of the variety of Italian spoken in Sardinia. Before the recording, participants received a printed version of the German text with translation footnotes. The students of Sassari performed a text analysis during a university course in order to guarantee that they understood the text while reading. The speakers living in Munich were recorded in an anechoic chamber at the Institute of Phonetics and Speech Processing of the University of Munich. The students from Sassari were recorded in a professional recording studio in Sassari. In both cases, we used a Neumann TLM 103 microphone with cardioid polar pattern at an approx. 50 cm mouth-microphone distance. Speech signals were digitised at a 96 kHz sampling rate and 24 Bit amplitude resolution, and high-pass filtered at 79 Hz.
Lexical stress error analysis
All words pronounced by the Italian speakers were auditorily checked for lexical stress correctness by the first author and a German native speaker. It was found that all speakers, except one of the speakers living in Munich, very frequently stressed the second component of the morphologically complex words (or the third in words with three components) instead of the first component. Table 1 shows the number of speakers who incorrectly stressed morphologically complex words with initial stress. Table 2 shows that other kinds of words induced only a few lexical stress errors. Most of these errors were made by the students from Sassari probably because they have not had enough German language practice.
Words for which no stress errors were reported are not listed in Table 2 .
The high frequency with which these kinds of stress errors occurred provides clear evidence that these words pose a particular problem for Italian speakers learning German lexical stress. For this reason, we focused on the resynthesis, production, and perception of the stress pattern in these kinds of morphologically complex words in the experiments reported below. 3 Resynthesis of local speech rate, intonation, and intensity
The basic justification for an automatic correction procedure via the three steps analysis, modification, and synthesis (subsumed under the term resynthesis) is that since the learner only speaks sentences which have already been spoken by the reference speaker, then the two speech signals are both sufficiently acoustically similar for automatic time alignment and sufficiently linguistically similar for prosodic congruency to be improved by increasing prosodic similarity.
However, in order to maintain speaker-individual properties, microprosodic and spectral features of the learner should not be changed. Consequently, resynthesis was carried out by copying the prosodic contours of 1) local speech rate, 2) intonation, and 3) intensity from a reference utterance of a German native speaker to a wrongly stressed utterance of an Italian speaker. 
Local speech rate
The algorithm first normalises the amplitudes of the German speaker's and Italian learner's speech signals in order to facilitate the automatic alignment of the two speech signals. Dynamic Time Warping (DTW) using a Euclidean distance function was applied to temporally and spectrally smoothed feature vectors, i.e. they were extracted in 10 ms steps via 20 ms Kaiser windows (β = 6). Subsequently, autocorrelation-based LPC, FFT, and non-uniform spectral-domain windowing were applied resulting in 16 Bark-scaled spectral amplitudes between 200 Hz and 8 kHz for each frame. (Besides, this data reduction of 100frames/s · 16bytes · 8bits = 12.8kBit/s enables later CALL applications to store a huge number of various reference patterns.)
The resulting warping path was suitable for adjusting the segment durations of the learner's signal to those of the German speaker's signal. But since actual segment durations are to a certain degree speaker-specific, the change in their local relations should be kept to a minimum while the local speech rate that they reflect should be adjusted as accurately as possible. Therefore, the warping function was smoothed via a 300 ms triangular window which is a good compromise between reducing short-term peaks and dips in the warping function caused by microprosodic properties while maintaining variations on a syllable level caused by local speech rate differences between both speakers. Finally, the prosodic timing structure of the learner's utterance was corrected according to the smoothed warping function by means of PSOLA.
In some cases, e.g. in the case of long sentences or if the learner spoke much more slowly than the German native speaker or produced additional long pauses, manual alignment of the pauses in the German's and Italian's signals was necessary. After DTW-alignment and PSOLA, the time-warped learner's speech signal was synchronous with the speech signal of the German speaker.
Intonation
With the term intonation we refer to the smoothed and extrapolated fundamental frequency contour of the speech signal. F0 contours were extracted from the aligned signals by means of an island-driven AMDF-based (Average Magnitude Difference Function) pitch detection algorithm, smoothed to reduce microprosodic influences, and extrapolated to avoid disruptions to the mean F0 calculation caused by stretches of speech with undefined F0. In order to keep the voice register of the Italian speaker, the mean F0 of both signals were computed. To combine the learner's mean F0 with the German speaker's F0 modulation, we divided the F0 contour of the German native speaker by its mean value and multiplied it with the mean value of the learner's con-tour. At originally voiced stretches of speech, the positions of the new glottal excitation pulses were determined according to the new F0 contour. Finally, the resulting fundamental frequency contour was copied to the learner's timewarped speech signal by means of PSOLA to achieve the corrected F0 contour. To reduce F0 detection errors, the range of possible F0 values was reduced to 120-500 Hz for female voices and to 70-300 Hz for male voices. This way, male utterances could also be corrected without serious problems.
For Experiment 1 (Sect. 4), we created stimuli in which only intonation and not local speech rate was corrected. However, intonation can obviously be copied from a speech signal to another only if the two signals are synchronous. To solve this problem, we warped the intonation contour of the German speaker according to the previously described warping function so that it matched the timing structure of the Italian utterance and we then proceeded as described in the previous paragraph.
Intensity
We resynthesised intensity by copying the short-term amplitude envelope of the German speaker's signal to the amplitude-normalised signal of the Italian speaker via a short-term controllable amplifier. This operation resulted in a speech signal with the short-term amplitude envelope of the German speaker's utterance. All amplitude contours were the result of root-mean-square estimation during 15 ms Kaiser windows (β = 5).
The resynthesis of intensity was necessary for Experiment 2 (Sect. 5) since syllables produced with emphasis showed considerable intensity peaks in the reference utterances. However, in standard reference utterances without emphasis, F0 peaks at stressed syllables are also accompanied by above-average intensity.
4 Experiment 1: Influence of the resynthesis of intonation and local speech rate on lexical stress correctness
The aim of this experiment was to test i) if the resynthesis of intonation and local speech rate can significantly improve the judgements on lexical stress correctness by German native speakers, ii) which one of the two prosodic parameters is more relevant for the perception of correct stress, and iii) if there is any interaction between the correction of these two parameters.
The experiment consisted in a perception test with German native listeners, who evaluated lexical stress correctness in natural and resynthesised stimuli after manipulation of intonation, local speech rate or both parameters. The morphologically complex words spoken by the Italians were checked for stress correctness by the first author and by a German native speaker. The utterances containing words judged to be incorrectly stressed were submitted to resynthesis of local speech rate or intonation or both parameters by copying the prosodic parameters of the German native speaker to the Italians' speech. This way, four different stimuli for each utterance spoken by the Italians were obtained: i) original, ii) with resynthesised local speech rate, iii) with resynthesised intonation, and iv) with both parameters resynthesised. We did not resynthesise intensity, since this is considered a less relevant parameter for lexical stress (Lehiste, 1970; Sluijter, van Heuven, 1996) , and the additional intensity manipulation would have doubled the number of the stimuli for the perception test.
Participants
Lexical stress correctness of the morphologically complex word stimuli was evaluated by 31 German native speakers, between 20 and 49 years old. Most of them had no or scarce knowledge of Italian. They were all employees or students at the Institute of Phonetics and Speech Processing of the University of Munich.
Perception test
The number of stimuli was limited to 256 since the presentation of all stimuli would have lasted too long for the subjects to accomplish. We chose the most frequent wrongly stressed morphologically complex words, as the most frequent errors were probably the most relevant for this investigation. So, the stimuli consisted of six sentences and four isolated words.
On the computer-aided test interface, the stimuli were ordered in columns Each column comprised four buttons coded with the same alphabet letter (see Fig. 3 ). By clicking on the buttons, the subjects could listen to the four versions of an utterance produced by the same speaker. They had to compare the four versions with each other and drag the buttons to the upper area according to their judgement of stress correctness. The upper area of the interface was divided into six small areas: 1. completely correct word stress, 2. mostly correct word stress, 3. tending towards correct word stress, 4. tending towards wrong word stress, 5. mostly wrong word stress, and 6. completely wrong word stress. The subjects could also place the buttons at different heights within each small area to express small differences in stress correctness.
Results
The 7936 judgements of the German natives were converted to a range between 0 and 100, 0 meaning the worst and 100 the best possible judgement. Table 3 shows the mean values of the stress correctness judgements for the four versions of the stimuli. The highest values refer to the stimuli after resynthesis of intonation and after resynthesis of both intonation and local speech rate. Fig. 4 shows corresponding boxplots with medians and quartiles.
The Friedman and the Wilcoxon tests were employed to test the differences between the judgements of the four versions of the stimuli for significance. The Friedman test, a non-parametric test for the comparison of several dependent samples, showed a highly significant difference between the judgements of the four versions of the stimuli (p < 0.001). The pairwise Wilcoxon signed rank yielded highly significant differences (p < 0.001) for each of the six comparisons. An ANOVA on the average judgements for each stimulus revealed that there was no significant interaction between local speech rate and intonation.
Discussion
The resynthesis of local speech rate and intonation significantly influenced the judgements of lexical stress correctness by the German native speakers. The resynthesis of both parameters turned out to have no interactive effects.
The resynthesis of intonation was more effective than the resynthesis of local speech rate in correcting lexical stress. The greater relevance of intonation can be explained by the fact that most judged words were in focus position. Several test participants reported that, instead of four different stimuli, they often heard two pairs of equal stimuli: one pair of wrongly stressed stimuli and the other pair of correctly stressed stimuli. In fact, while carrying out the resynthesis, we noticed that in most cases the manipulation of local speech rate alone did not change the stress position, while the manipulation of intonation was more effective. According to Jessen et al. (1995) and Dogil, Williams (1999), duration is the most prominent correlate of stress in German. However, durational differences may be less marked between the primary stressed syllables and the full syllables in other components of German morphologically complex words. Since Italians rely more on duration for identifying lexical stress (Bertinetto, 1980) , this might explain why they have trouble learning the lexical stress of German morphologically complex words.
The resynthesis of the local speech rate did sometimes reduce the quality of the stimuli, especially when the Italian speaker spoke much more slowly than the German speaker. This might have influenced the judgement of lexical stress correctness of the stimuli in which local speech rate was manipulated. However, even for the words in isolation, in which the manipulation of local speech rate yielded high audio quality, the manipulation of intonation was more effective than local speech rate in correcting lexical stress.
Experiment 2: Pronunciation training for teaching Italian speakers lexical stress of German morphologically complex words
The aim of this experiment was to provide Italian speakers with pronunciation training so that they could detect the correct lexical stress pattern of German morphologically complex words. The feedback that formed part of this training was based on stimuli that had been resynthesised in their own voice with emphasised word stress after correcting for local speech rate, intonation, and intensity.
Method

Participants of the training
Twelve Italian native speakers participated in the training. Eight of them were the same speakers whose recordings were used for Experiment 1. The other four were two female and two male speakers coming from various regions of Italy. Thus, the participants were ten female and two male speakers, between 20 and 52 years old, and who had lived in Munich between two months and 23 years. Eight of them were advanced speakers of German, and four, including the two men, were beginners. The participants were randomly assigned to a test or to a control group. The participants of the test group were trained with resynthesised stimuli in their own voice, while the participants of the control group were trained with natural stimuli in the voice of the German native speaker. In order to avoid all beginner speakers being in the same group, one male and one female beginner speaker were randomly assigned to the test group and the other two to the control group.
Stimuli
The stimuli used in the training were the 14 sentences and 32 isolated words also recorded for Experiment 1. The same female German native speaker read the utterances again, this time putting emphasis on the stress position of the morphologically complex words. Her task was to imagine that a learner had stressed the wrong syllable, and that she should show him which syllable was lexically stressed. The recording conditions were the same as for Experiment 1.
The utterances by the test group containing wrongly stressed words were submitted to resynthesis of local speech rate, intonation, and intensity according to the method described in Sect. 3. Resynthesised stimuli with emphasised stress were also created by copying the prosodic parameters of the reference utterances with emphasised stress to the utterances of the Italian speakers.
The training material was different for each speaker, since it was based on the morphologically complex words each speaker had stressed wrongly. Other wrongly stressed words were also included in the training.
Pronunciation training
The pronunciation training was carried out about one week after the recording. It is most unlikely that the participants had learnt the correct pronunciation of lexical stress in the meantime. Firstly, they had no information about the aim and contents of the training. Secondly, even speakers who had lived in Germany for several years made numerous mistakes concerning lexical stress. They probably never noticed these mistakes in spite of their long stay in a full-immersion environment. The three Italian speakers who also took part in the first recording (Sect. 2) made exactly the same lexical stress mistakes in both recordings. This shows the errors were fossilised in their pronunciation.
The training consisted of two parts. Participants were first trained with normally stressed stimuli and then with stimuli with emphasised lexical stress. The training took place in the same environment as the recordings. A loudspeaker was placed in front of the participants for the feedback stimuli. Each participant received a list of the words and sentences as training material.
Before the training started, participants of the test group were told that they would hear their incorrect pronunciation and then a resynthesised utterance in their own voice after correcting for the intonation (melody), rate, and loudness of speech. They would hear each utterance twice. They were then instructed to pronounce the utterance twice again, adopting the correct pronunciation. At this point they would be recorded. This procedure would be carried out for all the utterances.
After the end of the first part of the training, the participants received the instructions for the second part. This time they were told that they would hear for each utterance the same feedback as in the first part plus the resynthesised utterance in their own voice with emphasis placed on the stressed syllable, and that they would be recorded again. The training procedure for the control group was the same, except that the feedback consisted of the German native speaker's naturally produced utterances.
Results and Discussion
Feedback in the learners' own voice had a motivating effect. Several participants of the test group showed a keen interest in the training. They were pleased and surprised to hear themselves corrected, and some even asked if they could come back to do some more training of that kind. Obviously, the quality of the resynthesised stimuli was considered acceptable by the training participants. Self confidence and motivation are important for promoting learning (Eskenazi, 1999) . The participants of the control group in contrast showed no particular interest in the pronunciation training. Some even declared that they were disappointed.
The resynthesised stimuli for the pronunciation training were created without previous segmentation of the speech data. This is important for using this technology in CALL-programs, since, as already mentioned in the introduction, users should receive their feedback immediately after pronouncing the incorrect utterance. Our study was carried out without immediate feedback for training participants for two reasons. Firstly, the material contained some long sentences that required manual alignment of speech pauses in the Italian speakers' signals with the signal of the German speaker. Secondly, we wanted to check the quality of all resynthesised utterances before offering them to the participants as feedback. Some resynthesised stimuli had to be rejected, because the presence of creaky voice or strong nasalization in the syllable to be stressed in the speech signals of the Italian speakers made stress correction more difficult. At this point we should mention that the Italian speakers had never heard a German native speaker reading the text before, and this is quite a different situation compared to the environment provided by a CALL-program. In a CALL-program, the users normally hear the stimulus pronounced by a reference native speaker of the target language before they have to pronounce it themselves. Thus, in an implementation of this technology in a CALL-program the resynthesis would be easier. Even though feedback was not offered to the learners during training immediately after their incorrect productions, it was because we played their incorrectly stressed utterances recorded in the previous session that the learners could directly compare the correct with their incorrect pronunciations just as if there had been immediate feedback. 6 Experiment 3: Perceptual evaluation of learners' performance after feedback with resynthesis or emphasis A perception test with German native speakers was carried out to assess the performance of the participants resulting from the training procedure presented in the previous section. The aim of the experiment was to find out: i) if feedback with resynthesised stimuli is more effective than feedback with natural stimuli, ii) if feedback with emphasised lexical stress is more effective than feedback with normally stressed stimuli, and iii) if feedback with resynthesised stimuli with emphasis is the most effective for learning lexical stress of German morphologically complex words.
Method
Stimuli
The stimuli presented in the perception test were the utterances produced by the Italian speakers recorded before and after the training in Experiment 2. There were therefore three versions of each utterance: i) pronounced before training, ii) pronounced after training with normally stressed stimuli, and iii) pronounced after training with stimuli including emphasised stressed syllables. The utterances were produced by the group trained with resynthesised stimuli in the learners' own voice and by the group trained with natural stimuli in the voice of the German native speaker.
Since the resulting number of stimuli was too high to be presented in a single perception test, we analysed only 255. As for Experiment 1, we chose the most frequent errors, leading to eight morphologically complex words in isolation and four embedded in sentences.
Participants
The test participants were 37 German native speakers, between 21 and 53 years old. 25 of them were employees or students at the Institute of Phonetics and Speech Processing of the University of Munich. 19 had already participated in the perception test for Experiment 1. Approximately one month passed between both perception tests.
Perception test
The test user interface was similar to the one used for Experiment 1. This time each column on the interface contained three buttons: one button for the version produced before the training and two buttons for the versions produced after feedback with and without emphasis on the stress position (see Fig. 5 ).
As in the test interface for Experiment 1, the buttons in each column and the speakers for each utterance were randomly ordered.
The test procedure was the same as in Experiment 1 (Sect. 4.1.3). Fig. 6 shows the individual results of one of the 37 participants.
Results
The 9435 judgements were converted to a range between 0 (the worst possible judgement) and 100 (the best possible judgement). Table 4 shows the mean results for the three versions of the utterances (before Fig. 6 . Individual results of one of the 37 participants. training, after feedback with normally stressed stimuli, and after feedback with emphasis) for the participants trained with natural and with resynthesised stimuli. The utterances produced after feedback with resynthesised stimuli or after feedback with emphasis received the highest scores. Fig. 7 shows the score difference before and after training. Again, utterances pronounced after feedback with resynthesised stimuli or after feedback with stimuli with emphasis on the stress position showed the greatest improvement. Since the data were not normally distributed, we used non-parametric tests for significance. We compared the utterances of the participants trained with resynthesised stimuli with the utterances of the participants trained with natural stimuli by means of the Wilcoxon rank sum test for unpaired samples.
The difference between the pre-training utterances was not significant (p = 0.1099). The two groups can thus be considered to be of an equivalent level before training. We then compared the two groups trained with resynthesized and with natural stimuli on the extent of improvement in the post-training utterances after feedback without emphasis and found the group-difference to be highly significant (p < 0.001). The resynthesised stimuli without emphasis were thus more effective than the natural stimuli without emphasis. However, there was no significant difference between the groups on this measure for stimuli with emphasis.
To compare the pre-and the post-training utterances in each group, we used the pairwise Wilcoxon signed rank test. In the group trained with natural stimuli, we compared the pre-and post-training scores. Both post-training scores, after normally stressed feedback and after feedback with empasised stress, were significantly higher than pre-training scores (p < 0.001 for both comparisons). The utterances after feedback with emphasis received significantly better judgements than those spoken after feedback without emphasis (p < 0.001). In the group trained with resynthesised stimuli, we compared pre-and post-training scores as well. As for the group trained with natural stimuli, both post-training utterances -after normally stressed feedback and after feedback with emphasis -received significantly better scores than the pre-training utterances (p < 0.001 for both comparisons). The difference between the post-training utterances (with and without emphasis) was almost significant (p = 0.052).
Discussion
As we predicted, feedback with natural stimuli was more effective if the stress position was emphasised, while for the normally stressed condition resynthesised were more effective than natural stimuli. We had not expected that resynthesised stimuli with emphasis would be as effective as natural stimuli with emphasis. It is possible that emphasis on the stress position was sufficient for the participants to recognise their error so that resynthesis in this case was not necessary, but there could be also another explanation. Several training participants imitated the stimuli with emphasis. We asked twelve of the German evaluators if they heard overstressed stimuli in the perception test. All of them reported that they did. Eight of them said although they judged them to be correctly stressed, since the Italian speakers stressed the right syllable, they gave these stimuli a lower score than if they had not been overstressed.
Since the Germans compared the two post-training versions of each utterance -after feedback with and without emphasis -with each other (Sect. 6.1.3), their judgement that there was overstress in the version with emphasis could have been influenced by the correctness of the version without emphasis in the following two ways:
(1) If the version after feedback without emphasis was stressed on the correct syllable, they might have judged a possible overstress in the version after feedback with emphasis more severely. (2) Alternatively, if the version after feedback without emphasis was stressed on the wrong syllable, it is possible that they considered overstress in the other version as a less serious mistake.
Since the group trained with resynthesised stimuli performed significantly better than the group trained with natural stimuli after feedback without emphasis, the explanation proposed in (1) might be why utterances after feedback with resynthesis and emphasis did not receive judgements as high as expected.
In a subsequent perception test 19 German natives (ages 22-48) were asked to assign the words produced by the Italians during the training to one of the following categories: i) stressed on the wrong syllable, ii) stressed on the correct syllable, and iii) stressed on the correct syllable but overstressed. Four of the 19 subjects had also participated in the previous perception test.
Pearson's correlation coefficients were calculated between the stress correctness judgements, taken from the previous perception test and averaged for each stimulus, and the respective frequencies (between 0 and 19) of each of the three categories. As expected, we found a strong negative correlation between stress correctness judgements and the frequency of assignments of stress on the wrong syllable (-0.91, p < 0.001). There was a positive correlation between stress correctness judgements and the frequency of assignments of stress on the correct syllable (0.78, p < 0.001). We found a weak positive correlation between stress correctness judgements and the frequency of assignments of overstress (0.37, p < 0.001). The Pearson's correlation coefficient was also calculated between the stress correctness judgements and the ratio of overstressed to correct, i.e. category iii) divided by the sum of categories ii) and iii). Each stress correctness judgement was assigned a weight equal to the sum of categories ii) and iii). A weak negative correlation was observed (-0.11, p < 0.001) indicating that words with a high percentage of overstress assignments received lower stress correctness judgements in the previous perception test. Fig. 8 shows the median judgements of the three versions of the 52 utterances produced by the group trained with resynthesised stimuli, ordered according to the post-training versions without emphasis. The vertical axis of the diagram corresponds to the test interface (see Fig. 5 ).
Most utterances produced after training with emphasis (crosses) have been placed above the 50 mark, which means that they were judged as correctly stressed. The first ten utterances on the left produced after feedback without emphasis (circles) are under the 50 mark, which means that in these cases feedback with resynthesised stimuli but without emphasis was not sufficient for the Italian participants to recognise the stress position. The corresponding utterances after feedback with emphasis (crosses) received better judgements, showing that emphasis helped the learners to recognise the lexically stressed syllable. However, about half of the utterances produced after feedback with emphasis received lower judgements than the corresponding utterances pronounced after feedback without emphasis, thus supporting the idea that the former were possibly "punished" by the evaluators because they were overstressed.
Conclusions
In order to learn a foreign language, learners should be made aware of its salient defining pronunciation characteristics. Even a full immersion in a foreignlanguage-speaking environment for several years is not sufficient if the learners do not receive indications about their own mistakes and suggestions on how to improve their pronunciation. This is also the case for Italian speakers of German. We found systematic lexical stress mistakes in German morphologically complex words even by Italian advanced learners of German living in Germany for ten years or more, who never noticed this mistake. Possibly, Italian speakers require a longer vowel segment duration in order to identify a stressed syllable, and misunderstand the second component of German morphologically complex words as being stressed, especially if it contains a long vowel. In this study, we tested two kinds of feedback to help Italian learners of German notice the correct lexical stress position: resynthesised stimuli in the learner's own voice after manipulation of intonation, local speech rate, and intensity, and stimuli with emphasised stress position.
We developed a method for modifying and resynthesizing prosodic parameters that does not require manual segmentation of speech signals. Thus this method could be implemented in CALL programs since it allows the learner to receive immediate feedback and to compare directly the correct with the wrong pronunciation.
The effect of resynthesis on lexical stress perception was tested in a perception experiment with 31 German native speakers. The main outcome of this experiment is that the correction by means of resynthesis of intonation and local speech rate of wrongly stressed German morphologically complex words pronounced by Italian speakers significantly improves the judgement of stress correctness by German natives. Since lexical stress position can be corrected by means of resynthesis, we propose that resynthesised stimuli should be used as feedback in lexical stress pronunciation training. Another finding is that resynthesis of intonation is more effective in correcting lexical stress in the productions of Italian learners of German than resynthesis of local speech rate.
We tested the effectiveness of feedback consisting of resynthesis of the learners' own voices and of emphasized stress in training twelve Italian speakers to learn the lexical stress pattern of morphologically complex words in German.
The learners' performance in the training was then assessed by means of a perception test with 37 German native speakers. The results of the test showed that feedback consisting of normally stressed resynthesised stimuli was more effective than normally stressed natural stimuli in the voice of the reference German speaker. In addition, resynthesised stimuli had a motivating effect on the learners. We also found that feedback consisting in natural stimuli was more effective with emphasised than with normal stress. Contrary to our expectations, there was no improvement in using synthesised compared with natural stimuli in the feedback condition with emphasis. There are two possible explanations for this result: i) emphasis was sufficient for the learners to notice the correct stress position so that resynthesis did not add new information, and ii) the overstressed utterances of the group trained with resynthesised stimuli received lower scores by the German evaluators than those of the group trained with natural stimuli (Sect. 6.3).
More investigations are necessary to test if the training with resynthesised stimuli or stimuli with emphasis also has long-term effects. This might be expected since the learners, once they become aware of a pronunciation rule such as lexical stress, should then be able to avoid systematic errors of this kind. It would be interesting to test the effects of these kinds of feedback on other prosodic factors, such as sentence accent or the reduction of function words compared to content words.
The results of our study show i) that resynthesised stimuli are a more effective form of feedback in teaching lexical stress than natural stimuli, and ii) that the resynthesis can be obtained without previous manual segmentation of the speech data. This technology can thus be recommended for implementation in CALL programs. 2007). Part of this work is also part of the PhD-thesis of the first author (Bissiri, 2008 
